Abstract: This research develops a multistage stochastic linear programming (LP) model to assist in the process of water system planning and management under demographic and climate change in Amman, Jordan, over the next 75 years. Climate change is projected to have a gradual exacerbating effect on Amman's water stress over the next century, and water resources management strategies and policies put in place now will likely influence water use patterns for generations to come. A multistage decision model allows the identification of both adaptation strategies that should be implemented now and actions likely to be needed later, depending on future climate and demographic conditions. For Amman, the model recommends that household water reuse be expanded immediately, large-scale wastewater reclamation begin within 25 years, and mega-scale water import projects be postponed for several decades. Although these recommendations for the future will almost certainly change as additional information is acquired, by identifying now the actions most likely to be needed in the future, options for their implementation can be reserved, and feasibility studies begun.
Introduction
This paper presents a mathematical program designed to help policymakers decide among various water resources development strategies. The multistage decision model presented herein identifies adaptation actions for which resources should be allocated now and adaptation actions likely to be needed later, depending on future climate and demographic conditions. By identifying now the actions most likely to be needed in the future, options for their implementation can be reserved and feasibility studies begun.
The scenarios used in this study, based on the story lines of projected climate and demographic change developed by the Intergovernmental Panel on Climate Change (IPCC), incorporate uncertainties in both water availability and water use. The IPCC scenarios tend to be too coarse in resolution to be useful in municipality-level planning. Many planning studies therefore use local-level scenarios generated specifically for the region of interest (Huang et al. 1996; Hormann et al. 2005; Alfieri et al. 2006; Krol et al. 2006; Liu et al. 2007; Purkey et al. 2007; Zhu et al. 2007; Etkin et al. 2008; Medellin-Azuara et al. 2008; Lu et al. 2009; Rader et al. 2009 ). One of the key issues that surfaces repeatedly is the appropriate use of scenarios. Some papers present the results of multiple "likely" scenarios and discuss them all. Other studies present algorithms to sift through all scenarios (sometimes millions) to identify a small number of key scenarios representative of the trade-offs facing decision makers (Groves and Lempert 2007) . The decision tree presented in this paper ( Fig. 1 ) includes a select but wide range of scenarios (from mildest climate change effect to worst case climate change effect). By incorporating multiple runs of each of the scenarios (varying the probabilities), the mathematical program is used to generate a least-cost development strategy robust across the considered range of future realities.
Several studies make compelling cases for the capture of interactions between household-level and municipal-level interactions in optimization modeling (Krol et al. 2006; Rosenberg et al. 2007; Barthel et al. 2008) . We also include water reuse decisions made at different scales (centralized, decentralized, and household) . These studies agree that, in most cases, demographic shifts will be more important to the water sector in the next 100 years than will climate shifts. The scenarios presented in this paper include variations in socioeconomic status as well as climate. Easterling et al. (2004) make a case for proactive adaptation, stating, "[p]roactive adaptation, unlike reactive adaptation, is forward-looking and takes into account the inherent uncertainties associated with anticipating change. Successful proactive adaptation strategies are therefore flexible; that is, they are designed to be effective under a wide variety of potential climate conditions, to be economically justifiable (i.e., benefits exceed costs), and to increase adaptive capacity." Watkins and McKinney (1999) presented a formulation useful for proactive adaptation: a two-stage stochastic programming model for water resources investment and operating decisions for the Edwards aquifer region in Texas. Kracman et al. (2006) applied a multistage optimization of the Highland Lakes system in Texas. In both cases, climate scenarios were generated using historic data, and stationarity was assumed in the generation of future water supply and water use scenarios.
The model presented in this paper is of the type used by Kracman et al. (2006) , with one of the key differences being the consideration of climatic and demographic nonstationarity. The decision tree presented by Kracman et al. (2006) extends 5 years into the future and provides guidance on the use of water resources likely to be available over that period. Our decision tree extends 75 years into the future, providing guidance not only on how to use existing resources, but also on how to optimally expand (at leastcost) water system infrastructure to meet the needs of a growing population subject to uncertain (very likely diminishing) water availability from climate change.
Water Resources in Amman, Jordan
Amman is situated in the highlands of northwest Jordan, with elevation ranging from approximately 800 to 1,000 meters above sea level. Its Mediterranean climate is defined by cool, wet winters, during which almost all of its annual 250-480 mm of precipitation occur (including occasional snowfall), and hot, dry summers. In addition to the standard challenges faced by water resources system decision makers worldwide, those in Amman must also deal with: (1) water resources insufficient to meet demand; (2) financial resources insufficient to meet water system investment needs; (3) 1,000 meters of elevation between most of Amman (on a mountain) and its water resources; (4) rapid and unpredictable population growth (including periodic waves of refugees from neighboring countries); (5) transboundary complications for three of the most important water resources-the Yarmouk River (shared with Syria), the Jordan River (shared with Israel and Palestine), and the Disi aquifer (shared with Saudi Arabia); (6) an irregular schedule of intermittent water supply, which causes pipe network deterioration; (7) nonrevenue (unaccounted for) water on the order of 40%; and (8) an entrenched precedent of high water tariff subsidization (and the associated insufficiency of infrastructure maintenance).
Water Withdrawals for Amman
Amman itself overlies approximately 36 MCM=yr of renewable groundwater. As shown in Table 1 , the Greater Amman Area (GAA) also imports groundwater from neighboring basins to the north (Khaw) and to the south (Walla and Lajjoun). In each of the past 5 years, the GAA has imported less groundwater from these sources, relying instead on water from the newly operational Zara-Ma'in brackish groundwater desalination plant, which draws water from brackish springs in the Wadi Zara area near the Dead Sea.
Surface water for the GAA comes from two primary sources in the Jordan Valley: about 90% from the Jordan/Yarmouk River (via the 70 km-long King Abdulla Canal) and about 10% desalinated water from the Abu Al Zeighan brackish wells (Barber et al. 2008) . Water from the canal, situated 230 m below sea level, is pumped from the Deir Alla intake to the 90 MCM=yr-capacity Zai water treatment plant, 880 m above sea level. Treated water from the Zai treatment plant is then pumped to Dabouq reservoir in West Amman, 1,032 m above sea level, before entering the Miyahuna distribution system (Barber et al. 2008; Miyahuna 2008) .
The excess capacity shown in Table 1 contrasts with the description of Amman as severely water stressed. For example, the capacity of infrastructure related to water from the Zai water treatment plant is 90 MCM=yr, though actual water availability has never allowed withdrawals for Amman of more than about 60 MCM=yr. The capacities of many of the water sources (Khaw, Walla, and Lajjoun groundwater sources and surface water from the King Abdulla Canal through the Zai WTP, among others) are shared with other regions of Jordan, but because they have been used by Amman in the past, we model them as fully available to Amman in the present and future. In fact, water withdrawals by Amman from the nonlocal groundwater sources have been diminishing for the past 5 years, with more of the water from those groundwater sources going to the communities located closer to the wells. The model assumes that priority will be given to the GAA in times of water stress, meaning that, if needed, the entire yields of those nonlocal groundwater sources will be available to the GAA throughout the next 75 years.
The GAA has a number of alternatives available for future water supply expansion. Two are mega-scale water import projects: (1) the Disi fossil aquifer project is currently under construction and, barring unforeseen setbacks, is expected to provide Amman with between 50 and 100 MCM=year of fresh water beginning in 2011, but running dry within 50 to 100 years (Ferragina and Greco 2008) ; and (2) conveyance of desalinated water from the Red Sea to Amman, 320 km from the coast and at an elevation change of more than 1,000 meters (World Bank 2009). Reduction of distribution system losses (Royal Commission on Water 2009), water reuse (of multiple grades at all scales) (Haddadin 2006) , rainwater harvesting (Abdulla and Al-Shareef 2009) , and further conservation (Rosenberg et al. 2007 ) are Amman's other principal options for alleviating water stress.
Methodology for Climate and Demographic Projections
Rosenberg (2009) Fig. 1 with a total of 40 branch nodes: one present year 2008 node; three year 2035 nodes; nine year 2060 nodes; and 27 year 2085 nodes. The probability of each scenario of supply and demand in a given year is conditional on the probability of the parent scenario in the tree, with increasing uncertainty the further one moves in time from the present.
The following is a brief overview of our methodology, with more detail in subsequent sections.
1. At the first stage, represented by the year 2008, we have observations of actual water supply and water use. We assume there is no uncertainty in the first stage. We therefore represent the year 2008 as a single scenario with a probability of 1. 2. At the second stage, represented by the year 2035, we characterize the uncertainty of the water resources situation in the GAA using the story lines of world development developed by the IPCC (Davidson and Metz 2000) . For the "Fourth Assessment Report," the IPCC concentrated its most recent projections of regional climate change on three scenarios: B1, A1B, and A2 (Christensen et al. 2007 ). According to Freiwan (2008) there are three GCMs with grid cells that best fit Amman geographically. Those are (1) the models of the UK Met Office Hadley Center for Climate Prediction and Research (for this stage we averaged the two models, HadCM3 (Lowe 2005a ) and HadGEM1 Center (Lowe 2005b) , and in later stages we took their outputs separately); (2) ECHAM5/MPI-OM of the German Max-Planck Institute for Meteorology (Roeckner 2005) ; and (3) CSIRO Mark 3.0 of Australia's Commonwealth Scientific and Industrial Research Organization (Collier 2005) . We therefore used these three models for projections of climate effects on water resources in the GAA. For the year 2035, we used the crossmodel mean changes in precipitation and temperature. 3. Two of the three GCMs used in this analysis (Max-Planck and Hadley) publish multiple runs of the models, thereby providing a range of precipitation and temperature projections. For the year 2060, we adopted the mean change in temperature and precipitation for each modeled IPCC scenario, for each of the three considered GCMs. 4. For the year 2085, we used the range of precipitation and temperature projections where available from multiple runs of the GCMs (Max-Planck and Hadley). For the Australia Commonwealth Model (Aus), which had only a single model run available, we generated a relative range consistent with the ranges of the other two GCMs.
Water Use Projections
Total municipal water use is principally influenced by four factors:
(1) climate (primarily the difference between rainfall and evapotranspiration); (2) population size; (3) water tariff; and (4) level of economic development (primarily income, ratio of potable to nonpotable water use, and distribution of water use by sector) (Gleick 1998 Scenarios B1 and A1B have the same population growth story lines, but scenario B1 has more rapid technological innovation and adaptation, which we interpret as having a demand-reducing effect both on fossil fuels and per capita water use. We therefore used the current (through 2025) median population growth (MWI 2004) between now and 2035, the current low estimate (USAID 2006a) from 2035 to 2060, and zero growth thereafter. As is the case for population growth, we make use of a range of estimates for per capita water use, obtained from two primary sources. The current low estimate for the GAA is 95 lpcd (Miyahuna 2009) and the high estimate is 140 lpcd (Rogers and Lydon 1994) . We use the current mean per capita water use value (117.5 lpcd) for 2035, then revert to the current low value (Miyahuna 2009) for 2060 and after.
The only difference between the water use projections for scenarios B1 and A1B is that we use the high current per capita water use value from Rogers et al. (1994) for 2035 and the mean value for 2060 and after.
Scenario A2 follows a different population growth story line than scenarios B1 and A1B, with population continuing to increase throughout the century. Accordingly, we use the current median population growth (MWI 2004) for growth between now and 2035, the current low estimate (USAID 2006a) from 2035 to 2060, and a 2% growth thereafter. We do not use the high value for population growth from GAM (2008) because it was the highest by far of all population growth projections for Amman evaluated for this study, and we believe it to be unlikely. (If population increases at more than 5%=year for any appreciable length of time, the GAA will face serious water shortages.) Technological innovation and adaptation are slower in the A2 story line than in other story lines. We therefore use the high current per capita water use value (Rogers and Lydon 1994) for 2035 and the mean thereafter.
Water Availability Projections
Water availability is principally influenced by three factors: (1) climate (primarily precipitation and evaporation); (2) fossil aquifer availability; and (3) available technology (e.g., desalination or advanced wastewater treatment for reuse, the costs of which could significantly decrease in the future). Supply to the GAA is also influenced by the treaty on the use of the Jordan River between Israel, Palestine, Jordan, and Syria. Because Jordan receives its portion of the Jordan/Yarmouk River flow after Syria and Israel take their specified portions, Jordan's share may diminish disproportionately with climate change. However, we assume a proportional decrease on each country's share of the Jordan River.
The change in precipitation reported in Table 2 is relative to that predicted by each GCM for the year 2008. We took 10-year average precipitation around the desired model year to account for annual GCM variability (related to the simulation of oceanic-atmospheric processes). We did not use 10-year averages for temperature because it has less annual variability than precipitation. We therefore subtracted directly the value for temperature in the model year 2008 from the temperature value in the given model year to determine the relative change in temperature.
Abu-Taleb (2000) used a simple water balance for the entire country of Jordan to relate changes in temperature and precipitation to changes in runoff. We adopted this methodology for surface water availability from the Yarmouk River, the only river making a substantial contribution to the GAA, applying the change to the wet and dry seasons uniformly. Jassim and Alraggad (2009) studied the impacts of temperature and precipitation changes on aquifer yields in the western part of central Jordan and the escarpment to the Dead Sea (the area from which comes most of the groundwater available to the GAA), providing a plot of the combined relationship up to a 2°C temperature increase. We extrapolated this relationship to model the scenario of a 3°C temperature increase, again applying the change to the wet and dry season uniformly.
In summary, the water available to Amman from conventional sources currently and into the future is derived beginning with values for sustainable yield for surface and groundwater sources for Amman in the year 2008. For each of the 40 nodes of the decision tree, we determined an expected change in temperature and precipitation (derived from time series statistics using data from the three IPCC GCMs) from year 2008 values and used the relationships presented by Abu-Taleb (2000) and Jassim and Alraggad (2009) to calculate changes in sustainable yields from surface and groundwater, respectively. Table 2 summarizes the projected changes in surface and groundwater availability to the GAA, and water use in the GAA, from year 2008 through each model year. A cursory review of Table 2 alerts the reader to the importance of demographic change. While in the next 75 years we expect overall water availability to the GAA to decrease approximately 50% (on average), population growth as we have estimated it may increase demand by 300-700%. The potential effect on per capita water availability of neither type of change should be overlooked.
Amman Model Formulation
The objective of the linear program (LP) is to minimize the expected cost to society of operating and expanding the current water system in the GAA. The LP builds on the writers' previous work with a simple deterministic model of the water system in Beirut, Lebanon . The model selects the water system infrastructure and policies most cost-effective in meeting anticipated water uses in the next 75 years, given the anticipated water available, under a range of climate and demographic change scenarios. The primary features of the model (excluding multiobjective robust optimization features not emphasized here) are • Incorporation of the entire anthropogenic water cycle including water, wastewater, and water reuse infrastructure for potable water; nonpotable water treated to standards appropriate for urban unrestricted reuse according to U.S. EPA (2004); and wastewater, requiring treatment in either a centralized wastewater treatment plant (CWWTP) or decentralized wastewater treatment plant (DWWTP) before return to the natural environment or to nonpotable uses; • Water reuse at a number of spatial scales including the householdlevel, where greywater is captured through sink drains on-site and used for garden irrigation and toilet flushing; community level (decentralized) water reuse, involving the construction of small wastewater treatment plants for potable water reuse, and smallscale nonpotable water distribution systems; and regional level (centralized) water reuse, involving the upgrade of the CWWTP to the appropriate standard for potable water reuse and the installation of large-scale nonpotable water distribution systems; • Disaggregation of the low-income residential sector from the broader residential sector, enabling the optimization of water policies (pricing structures, shortage limits, distribution system losses) specifically benefitting low-income water subscribers; • Multistage stochasticity, with each scenario in the tree (Fig. 1) weighted probabilistically, and capacity expansion decisions made at each node in the tree. The infrastructure constructed in a given node is available in each subsequent stage for all scenarios branching from that node; and • Water shortages (forced conservation) permitted.
The options for water system planning and management actions considered here are summarized in Table 3 . Decisions are made at various levels to minimize the total cost to society (the decision to reuse greywater, for example, is made at the household-level, while the decision to import water is made at the utility level). Demand management is both an input to and output of the model. Planned per capita water use and the fraction of distribution system losses, for example, are input parameters. Water shortages (i.e., forced conservation, Qs FC ) are modeled as decisions made by the water utility, which force actual water use to be less than planned use.
Both conventional sources (rivers and groundwater aquifers) and nonconventional sources (desalination plants, wastewater treatment plants upgraded for reclamation and reuse, harvested rainwater, and water shortage) supply five water use sectors (residential, low-income residential, nonresidential, industrial, and agricultural). Some of the water used by the five use sectors is Table 2 . Range of Projected Changes (%) in Availability of Surface Water (ΔSW) and Groundwater (ΔGW) to GAA, and Water Use in GAA (ΔUse), from Year 2008 to Model Year, for Various Emissions Scenarios and GCMs. ΔGCM Range is the Range on the Climate Change Effect for the given GCM ("-" Indicates that Only a Single Value for Each GCM was Used). Node is the Location on the Decision Tree in Fig. 1, counting consumed, some infiltrated to local groundwater through outdoor application (garden irrigation or car washing, for example), and the remaining waste flow is directed to the CWWTP, or to the local groundwater by way of DWWTPs. Water infiltrated to the local groundwater (either by way of the CWWTP or at points of use directly) receives soil aquifer treatment (SAT) and can be withdrawn again and reused. Water passing through the CWWTP can be discharged to the natural environment downstream (the Valley) or infiltrated to the local aquifer as a form of source augmentation. All sectors have use for both potable and nonpotable water. It is useful to briefly describe water reuse in the residential sector an example of how water might be cycled through a use sector. Nonpotable water is either raw (untreated) water from a conventional water source or water reclaimed from a wastewater treatment plant upgraded to satisfy quality requirements for unrestricted urban reuse. (Jordan's reuse standards are similar to the guidelines adopted by USEPA (2004), which require secondary treatment, disinfection, and varying degrees of advanced treatment depending upon type of reuse application.) Nonpotable water is used by the residential sector only for outdoor uses or toilet flushing. Greywater is nonpotable water captured specifically from sink drains, receiving no treatment, and used only for outdoor uses or toilet flushing. The pathways for reuse are centralized (large-scale, passing through the centralized wastewater treatment plant), sector-level (small-scale, passing through DWWTPs), and household-level (greywater captured on-site, receiving no treatment).
The same water use and reuse pathways are relevant to the low-income residential sector, the nonresidential sector, and the industrial sector. The agricultural sector does not recycle water, though it could make use of water reclaimed from a wastewater treatment plant.
Objective Function and Constraints
The mathematical program minimizes the total expected financial cost (to society) of operation and maintenance (O&M) of Amman's water and wastewater system over the selected years, plus the capital costs of constructing new facilities and a penalty on water shortages. The model minimizes O&M costs, capital costs, and penalties at only four stages within the 77 years. Each stage is a snapshot of the water resources situation in Amman in the particular time frame, 1, 2, or 3 generations from now. Minimization of the costs at each stage illuminates an approximate least-cost pathway through 75 years of water system expansion and management. The years are not linked hydrologically, and there is no storage carryover between stages, because only yields of surface and groundwater supplies are modeled, not the actual streamflows and aquifer levels themselves. The links between stages occur in the pattern of infrastructure construction-the infrastructure constructed in a given stage is built in anticipation of the water resources needs of subsequent stages.
The objective function, Eq. (1), includes four distinct elements, summed over all years. The first element, Zom yr , is the cost of operating and maintaining all water system (including wastewater system and reuse system) infrastructure in the selected year, yr. The second element, Zcap yr , is the sum of the amortized capital costs of all newly constructed water system capacity in the selected year. The third element, Zpen yr , is a piecewise linear function representing the cost of water shortage in the selected year. The final element, Zdev yr , penalizes cost overruns. It is a linear penalty on absolute positive deviations of individual scenario costs from a fixed target cost
Following the form of multiobjective robust optimization (Mulvey et al. 1995; Watkins and McKinney 1997) , the weight, ω 1 , can be adjusted according to the decision maker's aversion to the risk of water shortages. The weight can be varied systematically to trace out the curve of the Pareto-optimal tradeoff between system cost and water reliability (the inverse of the frequency of water shortages). In the analysis done for this paper, ω 1 was held constant at 1, meaning that water shortages were penalized in proportion to their baseline costs, and ω 2 was set to 0, meaning that decision makers were assumed to be risk neutral.
As illustrated in Eq. (2), Zom yr in any given year (stage) is a function of the flows in that stage (Q), the input parameters associated with each scenario (costs, water available from each source, water used by each sector), and the probability of each scenario in the given year, p sc;yr . It is a linear equation, which adds together all seasonal O&M costs of water supply, wastewater disposal, water recycle, indirect reuse (source augmentation), and O&M cost of the nonpotable water distribution system:
p sc;yr · fðQs; Qw; Qr; QxÞ · days ts (2)
Zcap, Zpen, and Zdev in any given year are similarly functions of flows, input parameters, and scenario probabilities. Capital costs are registered each day for each unit of water system capacity, regardless of the extent to which it is used. Seasonality does not factor into capital cost accounting. Additional capacity is constructed in the given stage to satisfy all uses of the system in subsequent stages. The additional water supply capacity selected for construction in the first stage, for example, is not available until the second stage. Its amortized capital costs, however, are registered in the first stage. The additional capacity is then available in stages 3 and 4, but capital costs are only charged in stage 1. The constraint equations govern conservation of volume, satisfaction of planned water use, and non-exceedance of supply source capacities. They also govern the construction and use of new waterrelated infrastructure, place bounds on source augmentation, enforce recycle rules, account for water consumption, and limit the amount of water shortage acceptable for each sector at each shortage level.
Given assigned probabilities of future climate scenarios, the model outcome is the decision that should be taken now to best meet planning objectives for the second stage (2035) and begin the process of adaptation planning beyond the second stage. Expected values of decisions in later stages provide an indication of those futures for which we should be preparing. By varying the assigned probabilities of future climates, the decision maker can search for planning decisions that are robust, meaning that they perform satisfactorily across a range of possible climate and demographic futures.
Results for GAA
To find robust adaptation solutions that work well over a range of potential climate and demographic change story lines, we performed model runs with various probabilities assigned to the story lines. In the initial comma, discussed here in some depth, we assigned equal probabilities throughout. In other runs, we varied the probabilities on the various story lines. The results are summarized briefly, with emphasis on the information needs of decision makers establishing an adaptation strategy over the next 50 to 75 years. Table 4 presents the tabulated results for the analysis of equal probabilities, and Fig. 2 presents graphical results. Fig. 2 shows increasing water supply from the various sources (some of which becomes nonrevenue water). Results presented in Table 4 and Fig. 2 are expected values of total annual water supply and water use. The expected values give guidance on what actions should be reserved for the future. Because of space limitations, we do not present results specifically for the dry or the wet seasons.
Notice that the results presented for the year 2008 in Table 4 do not match the water withdrawals data for the year 2008 presented in Table 1 . This being an exercise in optimization, no attempt was made to reproduce (simulate) the year 2008 water allocations. For example, the model suggests that in 2008 cost could have been saved by immediate adoption of decentralized nonpotable greywater reuse and less import of water from the Yarmouk River than was actually done.
For equal climate probabilities, the model recommends first stage (year 2008) decisions that rely on use of conventional sources (capacities in Table 1 ). The primary source recommended in the first stage is groundwater (both local and imported). The model recommends immediate implementation, at a large-scale, of lowcost household greywater recycling, and the institutionalization of 5 MCM of shortage (about 5% of the current water use), the two of which together offset the need for full utilization of surface water resources.
The model recommends that expansion and upgrade of the CWWTP for nonpotable reuse begin in the current stage (construction occurring between years 2008 and 2035). Construction of the nonpotable water distribution system would need to be accomplished concurrently. Note that construction of the new infrastructure in 2008 is a first stage decision to occur between 2008 and 2035, and utilization of the new infrastructure starting in 2035 is a second stage decision.
In stages 3 and 4, the model recommends increasing use of nonpotable water reclaimed from the CWWTP, once upgraded, for satisfaction of a portion of the dry season water use by every sector, except the low-income residential sector, which uses greywater recycled on-site. Notably, the model recommends that the mega-scale water imports from the Disi aquifer and the Red Sea be postponed significantly. The recommendation is for use of Disi aquifer water to begin in 2060 and use of desalinated Red Sea water to begin in 2085. According to model results, neither the Disi aquifer nor the desalinated Red Sea water need be relied on for a large portion of Amman's total water supply even in 2085, at which time each might provide only 6% of the GAA total water supply.
Throughout the 21st century, climate change is expected to decrease the amount of water available from surface water and imported groundwater, including desalinated water from the Zara-Ma'in brackish spring. The climate change effect on the local groundwater is more than offset by an increasing quantity of water entering the aquifer through two anthropocentric pathways: (1) physical losses (leaking pipes) in the GAA distribution system, expected to decrease from 25% in the present to 15% in 2035 and thereafter, according to the expressed goals of the government of Results for equal probability case: Water supply over all years; water sources: IG is imported groundwater; local GW is from local wells, within GAA; ZM is Zara Ma'in brackish spring desalination (another type of imported groundwater); surface water is from Zai treatment plant (Yarmouk River); reclaimed wastewater is from the CWWTP; recycled water is greywater; Shortage is forced conservation Jordan (Royal Commission on Water 2009); and (2) natural infiltration from household garden irrigation and other outdoor water use. Adjustments made in the climate probabilities for the purpose of identifying robust strategies are shown in Table 5 , and results are summarized in Figs. 3-7 . The percent change in total costs (total of all four stages) shown in Table 5 are relative to the equal probability case, with costs at future stages discounted at 1% annually relative to current costs. For illustrative purposes, only a few probability combinations are presented; more could have been used to increase realism of the results.
Whereas Figs. 3-6 show expected values of water supply at each stage, Fig. 7 shows the range of capacities recommended for construction by the model at each stage. The capacities shown in Fig. 7 are incremental capacities, the construction of which in a given stage is a prerequisite for use of that capacity in each subsequent stage. Examining the expected values of water supply from each source projected for each stage (Figs. 3-6) , and the ranges of incremental capacities recommended by the model in each stage (Fig. 7) , we learn that • In 2008, as would be expected, all IPCC scenarios are nearly identical with heavy use of on-site greywater recycling recommended to supplement conventional water sources.
• In 2035, conventional sources are used at their full capacity in all scenarios (except Run 2, in which the probabilities of story lines A1B and A2 are assigned to zero, and the probability of story line B1 is 1). The model also recommends the use of water reclaimed from the CWWTP in all scenarios, except when we consider B1 to be 100% likely.
• In 2060, Run 2 begins use of reclaimed wastewater. All other runs, already using reclaimed wastewater, begin use of Disi aquifer water.
• In 2085, even Run 2 begins using Disi aquifer water. All other runs make significant use of desalinated water from the Red Sea.
Generally, except for the extreme runs, (Run 2 or Run 7, in which the probabilities of story lines B1 and A1B are assigned to zero, and the probability of story line A2 is 1) the amounts of water supplied from each source across all runs are similar. In Run 2, conventional water sources suffice for much of the foreseeable future. In Run 7, climate change diminishes water availability and demographic change increases water use enough such that water resources adaptation follows a trajectory distinct from other scenarios; the model recommends movement away from reliance on the CWWTP for wastewater disposal and toward the institutionalization of small DWWTPs, the treated effluent from which directly augments the local aquifer, increasing its sustainable yield. Based on these results, a robust dynamic strategy would be to continue utilization of conventional sources until about 2060, beginning a program of citywide on-site greywater recycling now and reuse of water reclaimed from the CWWTP within the next 25 years. It would be economical to tolerate a small amount of shortages. Plans for water imports from the Disi aquifer and desalinated Red Sea should be formalized, but reserved for the next generation.
Flexible construction techniques should be used that allow the replacement of water from conventional sources with water from other sources and the blending of fresh water sources with desalinated ocean water and treated wastewater. The model results, particularly the ranges shown in Fig. 7 for latter stages, suggest that the principles of adaptive management will be especially pertinent to water resources planning in the GAA in the next 50-75 years. Of course, all that needs to be decided now is what water sources to use and what capacity to begin expanding (including demand management as a form of capacity expansion), in the present. Following the framework of adaptation planning, future decisions will wait for updated information and decreased ranges of uncertainty.
Conclusion
This paper has presented a tool for water systems planning under climate and demographic uncertainty. The decision tree formulation presented in this study is a multistage scenario-based model of future climate and demographic possibilities for Amman, Jordan. Construction of a linear program around the decision tree enabled an examination of water system planning alternatives relative to our question of greatest interest: "What investments should we make now and what options should be reserved for the future so that our water system is cost-effective, reliable, and sustainable across a wide range of future climate and demographic realities?" The model recommends that household water reuse in Amman be expanded immediately and large-scale wastewater reclamation be brought online within 25 years, while mega-scale water import projects should be postponed for 50-75 years. Hobbs (1997) discussed the use of multistage decision trees and Bayesian analysis for water resources management under climate change. Bayesian techniques provide a means of incorporating new information into the decision-making process, and this study might benefit from the use of such techniques to update probabilities in the decision tree, thus allowing for improved adaptation planning strategies as more information becomes available. The key contingency in the applicability of this technique is the speed of refinement of probabilities on future climates, which may or may not be substantially improved within the next decade.
Though the model presented in this paper is able to generate Pareto tradeoff curves of solution and feasibility robustness (Ray 2010) , space limitations did not allow us to present those findings here. In future work, robust optimization may demonstrate the limitations of considering only the expected values of costs and benefits by including a representation of risk aversion or regret in the objective function. Future research should also consider the relative importance of demographic versus climate change and an exploration of nonlinear optimization approaches that can incorporate economies of scale. An LP approach was used in this study because of the model's large size (64,000 decision variables). Finally, our future research will aim to identify climate/demographic change trigger points to estimate the most appropriate time for implementation of an adaptation action, by combining regional, local, GCM, and other data. 
